Summary Differential cerebral metabolic effects of various hormone therapy formulations, and their associations with cognitive status, remain to be established. The principal aim of the current study was to assess relationships between regional cerebral metabolism and estrogen-based hormone therapies. Postmenopausal women (n = 53) at elevated risk for Alzheimer's disease (AD) were on estrogen-containing hormone therapy for at least one year prior to enrollment in a prospective, randomized clinical trial. Subjects underwent an FDG-PET scan, along with neuropsychological, medical, and demographic assessments at time of enrollment, to be repeated one year following randomization to hormone therapy continuation versus discontinuation, and results from analyses of the baseline assessments are reported here. Across all subjects, years of endogenous estrogen exposure correlated most closely with metabolism in right superior frontal gyrus ( p < 0.0005). Women taking 17b-estradiol (E) performed three standard deviations higher in verbal memory than women taking conjugated equine estrogen (CEE), and their verbal memory performance positively correlated with metabolism in Wernicke's ( p = 0.003) and auditory association ( p = 0.002) areas. Women taking progesterone-plus-estrogen had lower metabolism than women taking unopposed estrogen within the mesial and inferior lateral temporal regions ( p < 0.0005) and the inferior frontal cortex, contralateral to Broca's area ( p < 0.0005). In conclusion, particular areas of relatively preserved metabolism were seen in women with more years of endogenous estrogen exposure, as well as in women taking estradiol-based formulations or estrogen therapies unopposed by progesterone, together suggesting regionally specific neuroprotective estrogenic effects. #
Introduction
Sex hormones exert a wide variety of effects upon brain development, aging, and function. Though estrogen influences have been the focus of particularly intensive investigation in this regard for decades, the nature of their impact upon the mature human brain remains a subject of substantial controversy. Answers to even some of the most basic questions--such as, whether the net influence of exogenous estrogen exposure on neurologic function is more harmful than beneficial--have been elusive. This in part reflects the complexity of estrogen-related effects, such that obtaining meaningful answers may require asking more specific questions: for example, whether the effects of estrogen hormone therapy (HT) exposure are influenced by the duration of endogenous estrogen exposure (i.e. length of reproductive life), whether the type of estrogen formulation (17b-estradiol (E) compared to conjugated equine estrogens (CEE)) influences brain function, and whether the use of concurrent progesterone has an effect on brain function or a moderating effect on the influence of estrogen on brain function.
Experimentally addressing these more focused questions calls for prospective investigation of subpopulations characterized by greater degrees of homogeneity, and who are studied by more sophisticated neurological tools, than has typified previous clinical research in this field.
Support for neuroprotective roles of estrogen comes both from human epidemiologic studies (see below), and from experimental models of brain function in vitro and in vivo. Estrogen has long been known to influence several neurotransmitter systems, including those that are cholinergic (Luine, 1985; Dominguez et al., 2004; Kompoliti et al., 2004; Bora et al., 2005; Bartholomeusz et al., 2008; Ping et al., 2008) , serotonergic (Kendall et al., 1981; Halbreich et al., 1995; Rubinow et al., 1998; Archer, 1999; Lasiuk and Hegadoren, 2007) , adrenergic (Sar and Stumpf, 1981; Ungar et al., 1993; Wang et al., 2006) , or dopaminergic (Roy et al., 1990) . Hormones may act through inducing temporary changes in neuronal microstructure, such as dendritic spine formation (Woolley et al., 1990) , affecting neurotransmitters and receptors (McEwen, 1981; Arnold and Breedlove, 1985; Meusburger and Keast, 2001) , altering cell membranes (McEwen et al., 1991) and modifying cerebral glucose metabolism and blood flow (Namba and Sokoloff, 1984; Nehlig et al., 1985; Bishop and Simpkins, 1995; Eberling et al., 2000) .
Evidence of effects of HT on human brain aging and cognition currently is mixed. Observational studies support a decreased risk of clinically diagnosed AD for women on HT (Maki, 2006) . Surgical menopause has been associated with increased risk of cognitive impairment dementia later in life (Rocca et al., 2007) . Surgically menopausal HTusers have also been reported to have higher verbal memory performance compared to non-users in clinical trials with randomized, placebo-controlled design (Phillips and Sherwin, 1992) , as well as cross-sectional studies (Nappi et al., 1999; Verghese et al., 2000) . On the other hand, the large randomized control trial (RCT), Women's Health Initiative Memory Study (WHIMS), has reported a nearly doubled risk for all-cause dementia for women on HT compared to women not receiving HT and estrogen plus progestin therapy in the form of CEE and medroxyprogesterone acetate (MPA) specifically diminished verbal memory performance (Resnick et al., 2006; Maki et al., 2007) . More recently it was found that unopposed CEE initiated in postmenopausal women aged 65 years and older did not diminish verbal memory performance, though it was associated with somewhat lower spatial rotational ability (Resnick et al., 2009a) . Relative metabolic effects of CEE vs. E also remain controversial (Maki and Resnick, 2001) .
Evidence from functional brain imaging studies, on the other hand, has been more consistent. Neuroimaging studies in healthy aging women have demonstrated enhanced function of medial temporal structures, including the hippocampus, amygdala, and entorhinal cortex among estrogen users vs. non-users (Maki and Resnick, 2001 ). Studies of specific neurochemical systems in living human brain suggest that postmenopausal hormone therapy positively modulates both cortical serotonin binding (Moses et al., 2000) and cholinergic receptor density (Smith et al., 2001) . Moreover, in postmenopausal women at genetic risk for AD, HT is associated with attenuated metabolic decline in cortical regions especially affected by AD pathology, such as posterior cingulate, superior temporal, and lateral temporal cortical regions (Rasgon et al., 2001 (Rasgon et al., , 2005 (Rasgon et al., , 2008a .
The present study is part of an ongoing larger prospective randomized longitudinal clinical trial, in which postmenopausal women at increased risk for eventual development of dementia and on HT at time of study enrollment have been randomly assigned to continue or discontinue HT for at least 2 years. Cognitive status and regional cerebral metabolism are assessed at baseline and 2 years after randomization. An interim analysis of the data analyzed from the first 25 subjects to complete that trial has thus far indicated that women randomized to continue HT: (1) experience less significant decline of their posterior cortical metabolism (which is most marked in right inferior parietal cortex in women who discontinue HT), and (2) preserve anterior cortical metabolism relative to overall brain metabolism in the medial prefrontal area, which is not seen in their demographically matched counterparts who discontinue HT (Rasgon et al., 2008a,b) . In the study reported here, we describe the regional cerebral metabolism for the entire cohort of subjects for whom PET was performed at time of enrollment, for a relatively homogeneous group of postmenopausal women on HT. We specifically examine the relationships between brain metabolism and three hormonal factors potentially affecting geriatric cognitive decline: length of prior endogenous estrogen exposure, whether the HT regimen includes a progesterone compound, and type of estrogen formulation being taken at time of enrollment.
Methods
The study in its entirety was approved by the Stanford University Human Research Protection Program and the Institutional Review Board at the University of California, Los Angeles (UCLA). Cognitively normal postmenopausal women ages 50-65 at risk for AD and receiving estrogen-containing hormone therapy (HT) for at least one year were enrolled. All subjects were receiving either estrogen therapy opposed or unopposed by progesterone through any route of administration (i.e. oral, transdermal, vaginal) , and no changes in their HT regimen were implemented by the investigators prior to randomization or thereafter. Assessment of endocrine reproductive markers included gathering information on age at menarche and menopause, parity, use of hormonal contraception during reproductive years, duration of perimenopausal transition in relation to time of start of HT use, and type of menopausal symptoms. All subjects had a screening and baseline visit. The screening visit included psychiatric, physical, and neurological examination, and laboratory blood measures to determine eligibility for the study. During the physical and neurological examination, subjects were screened for Parkinson disease using the motor examination (items 18-31) of the Unified Parkinson's Disease Rating Scale (Fahn et al., 1987) . After the screening visit, subjects underwent positron emission tomography (PET) scan and neuropsychological testing.
The study required the following inclusion criteria: willingness to sign human subject consent prior to enrollment into the study; willingness to be randomized to continuation/ discontinuation of HT, women ages 50-65 years of age; !1 year post complete cessation of menses; !1 year current HT use; !8 years of education, and adequate visual and auditory acuity to allow neuropsychological testing. In addition, all subjects were required to be at elevated risk for eventual development of dementia, as defined by one or more of the following risk factors: personal history of mood disorder; personal history of hypothyroidism; family history of AD; documentation of the apolipoprotein (APOE) allele e4, conferring increased risk for AD.
Because cognitive decline may be caused by a wide variety of conditions having different cerebral metabolic signatures, we excluded subjects with impairment from numerous causes (e.g., vascular disease, etc.), to enrich for those at increased risk specifically for AD. Volunteers with a history of TIAs, carotid bruits, or lacunes on MRI scan were excluded. Other exclusion criteria included evidence of current depression as determined by a score of !8 on the 17-item Hamilton Depression Rating Scale (Hamilton, 1960) , history of drug or alcohol abuse, contraindication for MRI scan (e.g., metal in body, claustrophobia), history of mental illness (excluding mood disorders), or significant cognitive impairment, as evidenced by impairment in daily functions and/or MMSE < 24 (Folstein et al., 1975) , history of myocardial infarction within the previous year or unstable cardiac disease, significant cerebrovascular disease, as evidenced by neurological examination, uncontrolled hypertension (systolic BP > 170 mmHg or diastolic BP > 100 mmHg), history of significant liver disease, clinically significant pulmonary disease, diabetes, or cancer. Subjects were excluded if they already had possible or probable AD (McKhann et al., 1984) or any other dementia (e.g., vascular, Lewy body, frontotemporal), or evidence of neurologic or other physical illness that could be expected to imminently produce cognitive deterioration. Subjects were also excluded if they used drugs with potential to significantly affect psychometric test results, including centrally active beta-blockers, narcotics, clonidine, anti-Parkinsonian medications, antipsychotics, benzodiazepines, systemic corticosteroids, medications with significant cholinergic or anticholinergic effects, anticonvulsants, warfarin, or sporadic use of phytoestrogen-containing products, which may produce estrogen-like agonist and antagonist effects (Polkowski and Mazurek, 2000; Vincent and Fitzpatrick, 2000) .
Hormone levels were assayed at baseline. Follicle-stimulating hormone (FSH) was measured by immunoassay. Estradiol was measured using the enzyme-linked immunosorbent assay (Bio-Quant Inc., San Diego, CA). Limits of detection were 0.10 mIU/mL for FSH, and the minimum detectable concentration of the estradiol assay was 2 standard deviations plus mean of a zero standard, which was estimated to be 0.4 pg/mL.
PET scan acquisition and analysis
Participants were required to fast 4-6 h for the PET imaging studies. The [F-18] fluorodeoxyglucose (FDG) PET method was used for the determination of patterns of regional cerebral metabolism. An intravenous line was placed 10-15 min prior to injection of 370 MBq FDG. Uptake of FDG proceeded while subjects were supine with low ambient lighting and sound, eyes and ears unoccluded. Scans were performed 40 min post FDG injection using a CTI/Siemens (Siemens Corp, Hoffman Estates, Il) HR+ tomograph (63 image planes).
We analyzed PET data by both a standardized volume of interest method as well as the statistical parametric mapping method developed by Friston et al. (1995a,b) . Briefly, images from all subjects were co-registered and reoriented into a standardized coordinate system using the SPM2 software package courteously provided by the members of the image analysis team at the Wellcome Department of Cognitive Neurology, Functional Imaging Laboratory (London, UK). Data were spatially smoothed, and normalized to mean global activity as previously described (Silverman et al., 2007) , with the exception that a 12 mm (full-width half-maximum) smoothing filter was applied to images prior to statistical analysis. The set of pooled data were then assessed with the t-statistic on a voxel-by-voxel basis, to identify the profile of voxels that significantly covaried with parameters characterizing each subject.
In addition, relative quantification of regional brain activity was performed using software originally developed at UCLA dedicated to the visual display and quantitative analysis of brain PET data, which has been cleared for those purposes by the U.S. Food and Drug Administration and is commercially available as the clinical package NeuroQ TM (Syntermed Inc., Atlanta). The software implements an algorithm for automatically measuring, after correction for tissue-based attenuation, the number of radioactive events emitted by a positron source (gamma-ray lines of coincidence) per second detected by the PET scanner, emanating from pixel locations assigned by a computerized reconstruction algorithm as falling within each standardized region of interest (sROI). Mean pixel activity values were calculated within each of 240 sROI's defined throughout those transaxial planes across the field of view in which brain tissue was represented, following the transformation of each PET scan to a template space by a method previously described by Tai et al. (1997) . The sROI's were then automatically grouped into 47 clusters of regions falling within structurally defined boundaries corresponding to distinct neuroanatomical (e.g. left inferior parietal lobule) or functional (e.g., Broca's area) standardized volumes of interest (sVOI's), and the mean activities for each of these volumes calculated. Finally, all mean activity values were automatically normalized to the mean pixel activity measured throughout that brain scan, or to the mean activity of an individual user-specified reference sVOI within that scan.
For the purpose of guiding interpretations of statistical analyses, a priori hypotheses were established for six specific cortical volumes bilaterally, based on their known association with physiologic memory processing and/or pathologic involvement in neurodegenerative disorders: left and right medial temporal sVOI's, including amygdala and hippocampus/parahippocampal areas, were chosen for their established role in ''new learning'' (Squire et al., 1992; Stern et al., 1996; Tulving et al., 1996; Gabrieli et al., 1997) . Two sVOI's of the dorsolateral prefrontal cortex (DLPFC) were chosen for known involvement in both encoding and working memory/retrieval. The posterior cingulate cortex was chosen for its role in encoding (Shallice et al., 1994) and retrieval (Tulving et al., 1996; Fletcher et al., 1998) . Finally, the parietotemporal and inferior lateral temporal cortical VOI's were assessed due to their importance in language, semantic memory and related memory deficits in AD 54,55 (Martin and Fedio, 1983; Wiggs et al., 1999) . The selected volumes have also been implicated as biomarkers of impending or actual cognitive decline in functional imaging studies. Consistent patterns of hypometabolism and hypoperfusion in the parietal, temporal, and posterior cingulate cortices (Small et al., 1989 (Small et al., , 1995 Smith et al., 1992; Reiman et al., 1996; Ibáñez et al., 1998) have been observed in asymptomatic persons at increased genetic risk for AD, as well as in patients with AD.
Results were reported in terms of locations of the most significant effects (regionally, and/or in x,y,z Talairach-style millimeter coordinates). The probability of finding by chance an effect in any volume containing a voxel of maximal significance by statistical parametric mapping, or in any sVOI, was assessed after a Bonferroni-type adjustment for multiple comparisons, with a correspondingly less harsh correction required for the 12 volumes (6 left, 6 right) specified by a priori hypotheses, and effects at each region of the brain were considered significant if that adjusted probability was less than 0.05. For large areas, corrected values based upon the number of contiguous voxels achieving a pre-specified level of significance were additionally provided. For sVOI analyses, based on the number of regions, effects in the sVOI's specified a priori were considered significant for preadjusted p 0.004, while effects in other sVOI's were considered significant for pre-adjusted p 0.001; sVOI analyses serving specifically to support another pre-established result were considered corroborative for p < 0.05. Analyses were also controlled for examination of multiple effects by using analysis of variance (ANOVA) methods with all three main hormonal effects entered into the statistical model (see below).
Neuropsychological assessment
An extensive neuropsychological evaluation was conducted at the baseline and final visits by the study neuropsychologist. Tests in the neuropsychological battery were chosen based on prior studies that indicated their ability to predict cognitive decline (Hänninen et al., 1995) and sensitivity to predict cognitive change (Small et al., 1995 
Reproductive endocrine variables
Information was obtained from all subjects and supported by documentation from their primary health care providers on the duration of endogenous and exogenous exposure to reproductive hormones. Duration of endogenous exposure was calculated by subtracting age at menarche from the age at menopause, duration and type of hormone therapy was recorded as well as type of menopause, parity and past use of steroidal contraception.
Results
Eighty-one subjects were initially recruited; baseline data from 53 subjects were included in the final analysis; the other 28 subjects had incomplete data sets caused by schedule conflicts, technically limited MRI or PET imaging, or due to a variety of reasons not noted during initial screening (hysterectomy at a young age, discontinued HT prior to randomization, TIA, claustrophobia emerging during imaging, severe mood episode with menopause transition, congenital ovarian agenesis, progesterone-only therapy). Demographic and personal characteristics of these 53 subjects are presented in Table 1 . All subjects had MMSE and cognitive performance scores within the normal range for persons of their same age and educational level. There was a history of depression in 41 subjects and 26 were currently taking antidepressants.
Endogenous estrogen exposure
As a potential factor related to cognitive status in postmenopausal women, duration of pre-menopausal endogenous estrogen exposure was explored by statistical parametric mapping for associations with regional cerebral metabolism. The total duration of endogenous estrogen exposure (i.e. age at menopause minus age at menarche) positively correlated most closely with metabolism in the posterior part of the right superior frontal gyrus (t = 5.64, p < 0.0005 at voxel of peak significance: 22,32,58), remaining significant after full correction for multiple comparisons ( p = 0.005), as well as after adjustment for variance in age and education (t = 5.19, p < 0.0005; p = 0.024 after multiple comparison correction). The sVOI analyses corroborated SPM analyses in the right superior frontal gyrus (r = 0.27, p = 0.047). Again adjusting for age and education, years of endogenous estrogen exposure also positively correlated with activity in the right peri-insular area at the axial level of the anterior commissure (48,16,0; t = 5.29, p < 0.0005, p = 0.017 after multiple-comparison correction); an area of similar size and significance was seen in the contralateral hemisphere but centered slightly more superiorly and anteriorly, in the left inferior frontal gyrus overlapping with Broca's area (À48,20,14; t = 5.28, p < 0.0005, p = 0.017 after multiplecomparison correction). Endogenous estrogen exposure also tended to positively correlate with metabolism in the left parahippocampal gyrus (À28,À30,À20; t = 4.05, p < 0.0005), area in the vicinity of the subgenual anterior cingulate (À4,44,À14; t = 4.25, p < 0.0005), and an area of the left superior lateral temporal cortex (À48,À24,10; t = 4.58, p < 0.0005) (Fig. 1) . The sVOI analyses also corroborated the correlation with metabolism in the left superior lateral temporal cortex (r = 0.28, p = 0.037). Not surprisingly, age of menopause, which was highly correlated with the duration of endogenous estrogen exposure (r = 0.92, p < 0.00001), also positively correlated with metabolism in these regions. [ ( F i g . _ 1 ) T D $ F I G ] 3.2. Hormone replacement therapy formulations 3.2.1. 17b-Estradiol and conjugated equine estrogen formulations Among 53 subjects, 35 subjects were taking formulations of 17b-estradiol (E) and 18 subjects were taking conjugated equine estrogen (CEE) at time of recruitment. Groups were similar with respect to years of education (av AE SD; 17 AE 2.0 vs. 16 AE 1.9), age at menarche (13 AE 1.6, 13 AE 1.7), age at menopause (48 AE 5.2, 46 AE 6.7), age at the time of study recruitment (57 AE 4.5, 58 AE 5.3), and length of HT (9 AE 5.7, 11 AE 5.7). Approximately 2/3 of the subjects in the E and CEE groups had opposed therapy (24 of 35, and 11 of 18, respectively). The proportion of subjects taking E and CEE were also similar for the natural and surgical menopause groups, constituting 65% E for surgical group (13 of 20), and 67% E for the women who underwent natural menopause (22 of 33).
3.2.1.1. Group differences in cerebral metabolism. Analyses by statistical parametric mapping directly comparing E-users to CEE-users showed that levels of metabolism in parietotemporal cortex in the vicinity of Wernicke's area of the left cerebral hemisphere, and the superior temporal gyrus in the auditory association area of the right cerebral hemisphere, were significantly greater in E-users (t = 4.41 and 4.67, respectively; p < 0.0005) (Fig. 2) .
3.2.1.2. Neuropsychologic performance and cerebral metabolic correlates. In examining associations with neuropsychologic performance, we found that E-users attained scores for the verbal memory cognitive domain that were 3 SD higher than those of CEE-users ( p = 0.007). We therefore examined associations of verbal memory performance with cerebral metabolism. Across all subjects, statistical parametric mapping analyses indicated that verbal memory performance positively correlated most strongly with the magnitude of cortical metabolism in the right superior frontal gyrus (t = 3.60, p < 0.0005 at voxels of peak significance: 10,32,54), in the (left) Wernicke's area (t = 2.86, p = 0.003 at voxel of peak significance: À50,À80,34) and with metabolism of the right auditory association area (t = 3.00, p = 0.002 at voxel of peak significance: 70,À36,14). When adjusting for age, education, and years of endogenous estrogen exposure, similar correlations were seen (t = 2.95, p = 0.002; t = 2.50, p = 0.008; t = 2.58, p = 0.007, respectively). The correlations tended to be somewhat stronger among E-users with respect to metabolism in both the Wernicke's (t = 3.66, p < 0.0005; t = 3.48, p < 0.001 after adjusting for age, education, and years of endogenous estrogen exposure) and auditory association (t = 3.30, p = 0.001; t = 2.94, p = 0.003 after adjusting for age, education, and years of endogenous estrogen exposure) areas, while CEE-users alone demonstrated the most significant correlation with metabolism of the superior frontal region (t = 4.37, p < 0.0005 after adjusting for age, education, and years of endogenous estrogen exposure).
Estrogen-progesterone versus unopposed estrogen replacement therapies
Among the 53 subjects taking estrogen-based hormone replacement therapy, 18 women were taking unopposed estrogen and 35 were taking progesterone-plus-estrogen replacement therapies, of whom 14 were taking MPA. Groups were similar in years of education (av AE SD; 16 AE 1.5 vs. 16 AE 2.2), age at menarche (13 AE 1.8, 13 AE 1.5), age at recruitment (58 AE 5.6, 58 AE 4.4), and length of HT (10 AE 5.7, 9 AE 5.7) respectively. They differed in age at menopause (43 AE 7.0, 49 AE 3.7), (with the younger average age of the unopposed estrogen group primarily reflecting prematurely induced menopause secondary to surgical removal of uterus and/or ovaries in these subjects), and thus in mean number of years of endogenous estrogen exposure (31 AE 6.4, 36 AE 3.9). A similar proportion were taking E versus CEE: 69% were on estradiol, (24 of 35) in the progesterone-plus-estrogen group, and 61% were on estradiol in the unopposed group (11 of 18).
Analyses by statistical parametric mapping showed that postmenopausal women taking progesterone-plus-estrogen had lower metabolism than postmenopausal women taking unopposed estrogen within the right mesial temporal region (t = 4.51, p < 0.0005 at voxel of peak significance: 38,20,À36) and left inferior lateral temporal cortex (t = 4.64, p < 0.0005 at voxel of peak significance: À48,22,À34); the voxel of peak significance within the right mesial temporal region was in the largest cluster (3085 contiguous voxels at p < 0.01, p corrected = 0.002) (Fig. 3) . After adjusting for years of endogenous estrogen exposure, the right and left temporal relative hypometabolism in progesterone-plus-estrogen users remained Fig. 2 Specific areas of greater metabolism in E-users compared to CEE-users. Metabolism in the (left) Wernicke's area (yellow arrow) and right superior temporal gyrus (red arrow) was greater in E-users compared to CEE-users ( p < 0.0005). Voxels with significance p < 0.005 are shown above in color. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.) significant (t = 4.01, p < 0.0005; t = 4.42, p < 0.0005, respectively). The sVOI analyses corroborated SPM analyses, demonstrating that progesterone-plus-estrogen users had lower mean metabolism in corresponding temporal regions than unopposed estrogen users in the right mesial temporal cortex (rMT) t = 2.61, p = 0.01, and a trend towards lower metabolism in the left inferior lateral temporal cortex (liLT) t = 1.72, p = 0.09 (which became more significant after adjusting for endogenous estrogen exposure; see below.) Only 2 of 35 progesterone-plus-estrogen users had rMT metabolism levels greater than mean rMT metabolism of unopposed estrogen users and, conversely, only 5 of 18 unopposed estrogen users had rMT metabolism levels lower than mean rMT metabolism of progesterone-plus-estrogen users (Fig. 4) .
Analyses by statistical parametric mapping also demonstrated that women taking progesterone-plus-estrogen had lower metabolism than women taking unopposed estrogen in the right inferior frontal cortex (t = 3.65, p < 0.0005 at voxel of peak significance: 24,26,À14). The significance of this difference again persisted when statistical correction for the disparate number of years of endogenous estrogen exposure was taken into account (t = 3.69, p < 0.0005) and occurred in the largest regional cluster (1747 contiguous voxels at p < 0.005, p corrected = 0.005) (Fig. 5) . The sVOI analyses corroborated SPM analyses, with progesteroneplus-estrogen users having lower mean metabolism than unopposed estrogen users in the right posterior inferior frontal gyrus (rpIFG), contralateral to Broca's area in the left hemisphere (av AE SD; 1.14 AE 0.03 vs. 1.16 AE 0.03, t = 2.29, p = 0.026, a difference that became more significant following statistical correction for number of years of endogenous estrogen exposure: F = 9.39, p = 0.004). Only 3 of 18 unopposed estrogen users demonstrated levels of metabolism in this region that were lower than the mean metabolism of progesterone-plus-estrogen users and, conversely, only five of the 35 progesterone-plus-estrogen users had metabolic levels that were greater than the mean metabolism of unopposed estrogen users.
Potential interactions of opposed versus unopposed estrogen with the other major variables discussed above (years of endogenous estrogen exposure and E vs. CEE) relative to rates of metabolism in the standardized VOI's were examined with ANOVA. Taking into account endogenous estrogen exposure, sVOI analyses corroborated significantly lower metabolism in right mesial temporal, and left inferior lateral temporal cortex, in women taking opposed estrogen regi- Fig. 3 Posterior temporal areas of decreased metabolism in progesterone-plus-estrogen users compared to unopposed estrogen users. SPM analyses demonstrated right mesial temporal (t = 4.51, p < 0.0005) and left inferior lateral relative hypometabolism (t = 4.64, p < 0.0005) in progesterone-plus-estrogen users compared to unopposed estrogen users. Voxels with significance p < 0.01 are shown above in color. The crosshairs intersect at voxel of peak significance (38,20,À36). Fig. 4 Lower right mesial temporal metabolism in progesterone-plus-estrogen users compared to unopposed estrogen users. In the individual-subject plot above, 35 postmenopausal women on progesterone-plus-estrogen therapy are represented by blue diamonds and the average right mesial temporal metabolism, assessed by sVOI analysis, is shown in light blue (0.797). 18 postmenopausal women on unopposed estrogen therapy are represented by red squares and the average right mesial temporal metabolism is shown in orange (0.815). Progesterone-plus-estrogen users had a lower mean rate of metabolism than unopposed estrogen users ( p = 0.012), a difference that became more significant after correcting for years of endogenous estrogen exposure ( p = 0.007). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.) mens (F = 7.788, p = 0.007; F = 4.199, p = 0.046, respectively). Simultaneously taking into account years of endogenous estrogen exposure and E vs CEE use, sVOI analyses again corroborated significantly lower metabolism in these regions (F = 7.624, p = 0.008; F = 4.122, p = 0.048).
[ ( F i g . _ 4 ) T D $ F I G ]
Looking at the other direction, women taking unopposed estrogen did not have any areas demonstrating significantly lower metabolism after correction, than women taking progesterone-plus-estrogen formulations.
Discussion
Relative regional cerebral hypometabolism of 53 postmenopausal women on HT selected to be at heightened risk of eventually developing dementia was associated with a presumptive historical risk factor for cognitive decline: shorter endogenous estrogen exposure. Years of endogenous estrogen exposure positively correlated most robustly with metabolism in the right superior frontal gyrus, and also in right peri-insular area, left inferior frontal gyrus, left parahippocampus, subgenual anterior cingulate, and left superior lateral temporal cortex. Additionally, in the present analysis Eusers had greater metabolism than CEE-users in the Wernicke's area and the auditory association area. Verbal memory was better in postmenopausal women taking E than CEE, and cognitive differences were associated with metabolic differences in these receptive language and auditory association areas for E-users and in right superior frontal gyrus for CEE-users. Postmenopausal women taking estrogen-plus-progesterone users had lower metabolism than postmenopausal women taking unopposed estrogen in the right mesial temporal region, left inferior lateral temporal cortex, and right inferior frontal cortex. Overall, particular areas of relatively preserved metabolism were seen in women with more years of endogenous estrogen exposure, as well as in women taking estradiol-based formulations or estrogen therapies unopposed by progesterone, together suggesting regionally specific neuroprotective estrogenic effects. The results presented here provide support for estrogen having a neuroprotective role in brain regions affected during aging.
Several of the regions in the current study have also been implicated in a number of previous studies on hormonal influences involving neuroimaging. Relevant to our identification of hormone related activity in superior and inferior frontal gyri, similar or overlapping regions of frontal cortical involvement have been identified as positively correlating with HT: orbital gyrus of the frontal cortex (Eberling et al., 2004) , right superior frontal gyrus (Ottowitz et al., 2008) , left middle/superior frontal cortex (Persad et al., 2009 ) and left medial frontal cortex (Maki and Resnick, 2000; Persad et al., 2009) . Initiation of E/HT has also been shown to result in more effective activation of the prefrontal cortex during fMRI visual working memory tasks, suggesting functional plasticity in these frontocortical working memory systems among postmenopausal women that can be altered by E/HT (Smith et al., 2006) . In a recent double-blind, placebo-controlled study, the inferior frontal region was also an area that increased during fMRI tests of verbal and spatial working memory in E/HT users, suggesting improved executive function (Joffe et al., 2006) . In addition to increases in inferior frontal activation, Joffe et al. (2006) also found parietal activation (bordering Brodman's area 40, near the Wernicke's region) in E/HT users (40-60 yrs) during a verbal recall task. This finding is pertinent to our observation of hormonal effects in Wernicke's area and its correlation with verbal memory in all subjects, especially E-users. In a recent, double-blind placebo-controlled study, postmenopausal women (56-60 yrs) randomized to hormone therapy had increased activation in the frontal cortex and left inferior parietal cortex (Brodman's Area 40) during memory encoding (Persad et al., 2009 ). These findings suggest that estrogen may provide cognitive benefits and protect language-related brain areas when given to younger women shortly after or during the menopausal transition.
We also observed hormonal effects in the mesial temporal structures including hippocampal and parahippocampal regions. Functional neuroimaging studies utilizing PET and fMRI in healthy aging women, have consistently reported greater metabolic activity in mesial temporal structures, including the hippocampus, amygdala, and entorhinal cortex, among users of E/HT vs. non-users (Resnick et al., 1998; Shaywitz et al., 1999; Eberling et al., 2000; Maki and Resnick, 2000, 2001; Rasgon et al., 2001; Gleason et al., 2006) . Regional brain volumes were recently assessed in structural MRI images of the brains of women who had been previously enrolled in WHIMS (Resnick et al., 2009b) . Overall, mean hippocampal volumes tended to be smaller among women randomized to hormone therapy, by an average of À0.10 cm 3 ( p = 0.05); in the group with at least 2 cm 3 ischemic burden, the effect was more pronounced, with hippocampal volumes smaller in the HTarm by an average of À0.16 cm 3 ( p = 0.005). Hence, those data are consistent with the WHIMS findings of detrimental cognitive effects associated with opposed CEE therapy. The fact that both types of HT were associated with increase in hippocampal neuronal firing could be due to predominant effects of the estrogen component, rather than the presence of the progesterone. In addition, Ottowitz et al. found that estradiol increased connectivity between the right hippocampus and right prefrontal cortex suggesting that estradiol may enhance verbal memory performance by means of recruiting a bilateral cooperation between prefrontal and hippocampal systems during verbal memory tasks (Ottowitz et al., 2008) .
Overall, basic science analyses using both in vitro and in vivo model systems have also indicated that estrogen--typically 17b-estradiol but also in some instances conjugated equine estrogens--protect neurons against insults associated with AD (Brinton, 2005) . Moreover, these same estrogens in the same model systems can activate biochemical, genomic, cellular and behavioral mechanisms of memory (Singh et al., 1994; Toran-Allerand, 2000; Frye et al., 2007) . An important aspect of these studies, and of virtually all of the basic science in vitro and in vivo analyses, is that neurons were healthy prior to estrogen exposure and prior to exposure to neurodegenerative insults or lesions (Brinton, 2005) . In human studies, beyond the neuroimaging results discussed above, data on the effects of estrogen or postmenopausal cognition have been consistent. Recent reviews of human observational studies and clinical trials have emphasized lack of benefits or likely harm of hormonal therapies in older postmenopausal women and/or insufficient evidence for benefit in younger women (Genazzani et al., 2007; Barrett-Connor and Laughlin, 2009 ) of particular note, results from WHIMS indicated significant increases in risk for probable dementia in the combination HTsubtrial alone and in the combined analysis of combination HT and CEE-alone subtrials and poorer performance on the 3MS (Rapp et al., 2003; Espeland et al., 2004) , after initiation of HT in postmenopausal women aged 65 and older. On the other hand, in the Multi-Institutional Research in Alzheimer Genetic Epidemiology case-control study, the protective association of HT was modified by age and was seen among younger, but not older, postmenopausal women (Henderson et al., 2005) .
It remains an open question, whether the neuroprotective effects of estrogen documented in preclinical studies can be replicated in randomized controlled trials performed with the most suitable patient group under appropriate conditions. On a path to accomplish these goals, variables to be examined as our data suggest, include both the formulations of estrogen and progestogens (progesterone versus MPA) employed in human studies and clinical trials, dosage and levels of exposure, timing of hormone therapy exposure, duration of hormone therapy, as well as substrate differences (i.e., neuronal health status and risk for or presence of degenerative disease). One clinical trial which takes these variables in the account is on its way (KEEPS) (Miller et al., 2009 ), but results are not yet being made available. Other limitations of the current work that future studies will be able to address, include assessing the potential effect of testosterone in hormone replacement regimens (present in the HT of 5 of the 53 subjects in the study, too small a subgroup to separately assess) and any differences in effects of MPA vs. micronized progesterone that may exist.
Further along these lines, since many demographic factors and other types of patient characteristics may potentially affect cognitive performance and corresponding patterns of cerebral metabolism, greater homogeneity among subjects can be expected to produce greater statistical power, in analysis of cognitive and metabolic data from a subject pool of given size. In the present investigation, all of our subjects are postmenopausal women with well-documented pharmacologic status with respect to hormonal (and other) therapies, all are middle age (between 50 and 65 years old), and initiated hormone therapy perimenopausally. In addition, the detailed information obtained by self-report and recorded from the medical records with respect to estrogen status--both historical (ages at menarche and menopause, etc.) and current (specifics regarding types of estrogen used, and whether they were progesterone-containing or unopposed, etc.)--allows for subgroup and correlational analyses of cerebral metabolism that is generally not feasible in analysis of brain PET data obtained in other investigations. These advantages are purchased at the cost of an inevitable corresponding disadvantage: an inherent limitation is that the findings cannot be assumed to be generalizable beyond the particular kind of populations comprising our subject pool. In the current study, evidence is presented for relative preservation of metabolism in specific brain regions in middle age women at increased risk for future development of AD being associated with greater endogenous estrogen exposure, and unopposed or estradiol-based HT formulations initiated in the perimenopausal period. While these findings suggest a potential neuroprotective role for estrogen under these conditions, future studies including other subpopulations will be needed to examine the degree of generalizability of the findings reported here.
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